The effects of a solvent additive, 1,8-diiodooctane (DIO), on both hole and electron transports in a state of the art bulk-heterojunction (BHJ) system, namely PTB7:PC 71 BM. For a polymer:fullerene weight ratio of 1:1.5, the electron mobility in the blend film increases by two orders of magnitude with the DIO concentration while almost no change is found in the hole mobility. For lower DIO concentrations, the electron mobility is suppressd because of large, but poorly connected PC 71 BM domains. For higher concentrations of DIO, the electron mobility is improved progressively and the hole mobility becomes the limiting factor. Between 1.5 -4 vol%, the electron and hole mobilities are balanced. Using the Gaussian disorder model (GDM), we found that the DIO concentration modifies fundamentally the average hopping distances of electrons. In addition, there exist alternative donor-acceptor ratios to achieve optimized PTB7:PC 71 BM based solar cells. We demonstrate that the fullerene content of the BHJ film can be significantly reduced from 1:1.5 to 1:1 while the optimized performance can still be preserved.
Introduction
Organic solar cells are attractive clean energy sources. [1] They are light, flexible, and have the potential for roll-to-roll processing. In polymer-based organic solar cells, devices are often prepared in the form of bulk heterojunction (BHJ) in which a sunlight-absorbing polymer is uniformly blended with a fullerene. [2] During the past few years, power conversion efficiencies (PCEs) exceeding 10% in BHJ have been demonstrated. [3] To achieve such a high PCE, solvent additives are always needed into the casting solution containing the BHJ. [4, 5, 6] In chlorobenzene (CB) as the casting solvent, the BHJ of a PTB7 single junction cell can achieve a PCE of 7.4 %. However, when pure CB is used as the solvent, only a PCE of about 3.9 % can be obtained. [7, 8] Various characterization tools, including X-Ray scattering, transmission electron microscopy (TEM), scanning electron microscopy (SEM), atomic force microscopy (AFM), have been applied to study the nanoscale morphology of the BHJ films with and without DIO. [7, [9] [10] [11] [12] [13] According to these morphological studies, DIO additive suppresses the nanoscale aggregation of the fullerene domains, and induces finer size mixing and larger PCEs. [14] [15] [16] In a recent report, the effects of DIO concentrations on another BHJ, namely PBDTTT:PC 71 BM, were analyzed. [17] It was found that increasing DIO concentration decreases the sizes of PC 71 BM domains, and leads to strongly enhanced donor-acceptor interface, which is similar to some of the basic conclusions from some morphological studies. Their study is also supported by field dependent photogeneration as recombination measurement.
Despite these insights from the morphological properties of the BHJ films and recombination study, few reports have been devoted to investigate the corresponding charge transport properties resulting from the processing additives. [17] [18] [19] This report addresses the fundamental issue of how DIO in the casting solution modulates electron/hole transport in such a BHJ film.
In the absence of DIO, we found that electron and hole mobilities (μ e and μ h ) of the BHJ are highly imbalanced, and μ h is 1. 
Measuring electron and hole mobilities by admittance spectroscopy
To probe how DIO modulates the carrier transports properties in BHJ films, we used admittance spectroscopy (AS) to measure the electron or hole mobilities of the BHJ films. [20, 21] Hole transport was probed using the hole-only device structure as shown in Figure   S2 (b). In this structure, PEDOT:PSS acts as the hole injection contact, while the thin layer of spiro-TPD:CuPc acts as the electron blocking and trapping (EBT) layer to prevent electron leakage from the Au cathode. [22] Under a forward DC voltage bias with a small AC perturbation, typical modulation frequency-dependent capacitances can be observed for all samples as shown in Figure 2(a) . From a plot of negative differential susceptance (-ΔB) vs frequency (f), a maximum in -ΔB plot (Figure 2 , insets) defines the corresponding frequency f r which can be used to compute the carrier transit time using the relationship τ h = 0.56 f r -1 . [21] The hole mobilities can be computed by the relation μ h = d 2 /τ h V dc where d is the thickness of the active layer, and V dc is the direct current biased voltage. as shown in Figure 3 . Furthermore, in each sample, μ h remains almost field-independent.
Besides hole mobilities, we also constructed electron-only devices as shown in Figure S2 (c).
Here LiF/Al layers act as the cathode, while the opposite Al electrode serves as an electron transporting but hole blocking layer. 
where μ 0,e is zero-field electron mobilities and β e is the associated Poole-Frenkel slope. [23] When DIO is added to the casting solution, there is a marked increase in μ e . For example, for 3 vol% DIO, μ e is roughly 20 times larger than 0 vol% case. With further increase volume fraction of DIO in CB, μ e continues to grow. At 10 vol% DIO, μ e exceeds 10 -3 cm 2 V -1 s -1 .
Other than AS measurements, we also employed JV measurements with space-charge-limited current (SCLC) fitting on the same samples to evaluate the impact of DIO concentrations on the mobilities. [24] [25] Figure S5 in the supplementary information shows that the electron-only device have much enhanced electron current as DIO concentration increases. In summary, DIO in the casting solution strongly favors the transport of electrons in the associated BHJ film.
Gaussian disorder model analysis
To probe further the transport behaviors of the BHJ films under different DIO processing conditions, we performed temperature dependent AS experiments, as shown in . [26] The related electron mobilities plots at 3 vol% for GDM analysis are shown in the Figure S6 with the corresponding linear fits as a GDM analysis demonstration.
According to the GDM, the temperature dependent low field mobilities are related to T by:
where σ is the energetic disorder, µ ∞ is carrier mobility as temperature tends to infinity, k represents the Boltzmann constant. In Equation 2, µ 0 , µ ∞ and σ can be associated with either electron (e) or hole (h) transport. polymers reported in the literature. [11, 27] However, electrons and holes behave very differently in the BHJ films when DIO is present in their casting solutions. As indicated by the yintercepts in Figure 3( 
Correlating transport to OPV device performance
Now, we make a correlation between the charge transport parameters and the OPV device and therefore high PCEs, and the result here are in line with their findings. [28] In region (III), beyond 4% DIO, charge extraction is limited by hole mobility. The ratio μ e /μ h is inverted with μ e /μ h > 10 when the casting solution has 6 vol% of DIO. From the point of view of charge carrier transport, the hole mobility of PTB7 phase in the BHJ needs to be improved if higher PCE is required. Improving the morphology and the structural order of the polymer phase may be the key for improving the hole mobility in the PTB7 phase.
Impact on the carrier hopping distances
From the GDM, high-temperature limit of mobilities   can be extracted as shown in Figure   3 . Previously, Blom et al showed that in semiconducting polymers, the µ ∞ can be written in the form
where e is the elementary charge, ν 0 is the attempt-to-hop frequency, a is the charge hopping distance, and L is the localization radius. [29] At high enough temperatures, charge carriers can overcome energetic barriers between hopping sites. The average distance between hopping sites is a. Within each site, the wavefunction has a localization radius L. The dispersion in site energies, arising from disorder, is σ. As ν 0 and L are primarily determined by the material, it is reasonable to assume that they are constants among different DIO concentrations. As shown in molecule. [30] Since the electron mobility with 10% DIO is comparable to that of pristine Figure 6 , the corresponding hopping distances are 2.5 ± 0. 5 ,1.4 ± 0.3 and 0.8 ± 0.3 nm for 0, 3, and 10 vol% of DIO, respectively. These results reveal that reduction in the average electron hopping distance is the primary origin of the increase in electron mobility.
On the other hand, the average hole hopping distance shows similar values of 1.0 -1.8 nm among 0 -10 vol% of DIO. At 3 vol% of DIO, both electron and hole hopping distances are very similar. We note that the hopping distances are comparable to values previously derived for the poly(p-phenylene vinylene) (PPV) type polymer networks. [29, 35] Although PPV and PTB7 are intrinsically different, they are mainly amorphous in their BHJ films. For a semicrystalline polymer (3-hexylthiophene-2,5-diyl) (P3HT), the lattice spacing of the lamellar sheets of P3HT chains can be shorter of about 0.4 nm. [34] Thus, the difference in hole hopping distance may be an indicator for different polymer packing situations. Well packed polymer chains possess a shorter average hopping distance while polymer chains without definite orintations possess a longer average hopping distance. These findings of hopping distances can be correlated to the optimized BHJ thicknesses in their OPV cells. Comparing PTB7 and P3HT, the polymer with longer hopping distance corresponds to a thinner optimized active thickness, 90 -100 nm for PTB7 and 150 -300 for P3HT. [7, 33] We conclude that increase in electron mobility due to the presence of DIO originate from the reduction of the electron hopping distance.
OPV cells with reduced fullerene content
In PTB7:PC 71 BM BHJ system, the hole mobility is limited at about 2 × 10 -4 cm 2 V -1 s -1 , [see BHJ should be improved. To do so, several ways can be employed to achieve higher hole mobilities such as developing new materials [3] , molecular doping [32] , advanced processing conditions, etc. Second, the amount of PC 71 BM used is in excess. The excessive PC 71 BM leads to a highly imbalanced electron-to-hole mobility ratio, and may even hinder hole transport. Based on the original, optimized PTB7:PC 71 BM system as a reference, reducing the amount of PC 71 BM in the BHJ and increasing DIO concentration can be a useful strategy to achieve sufficient electron mobility for balancing the electron and hole mobility. It is expected that reduced PC 71 BM will result in lower electron mobility in the BHJ film. On the other hand, a higher concentration of DIO can segregate PC 71 BM into smaller domains. So, a smaller average hopping distance can be obtained to compensate the consequence of reducing PC 71 BM in the BHJ. Following this argument, we alter the composition of the PTB7:PC 71 BM BHJ from a weight ratio of 1:1.5 to 1:1. OPV devices were then fabricated using different DIO concentration varying from 0 to 8 vol%. Figure 8 compares the performances of OPV cells using 1:1.5 and 1:1 PTB7:PC 71 BM mass ratios. The highest PCE obtained from 1:1.5 system is 7.0 % corresponding to 3 vol% of DIO. For 1:1 system, the PCE reaches a maximum at 4 vol% of DIO and the PCE is 6.9 % which is comparable to the highest PCE obtained in 1:1.5 system. Although the short-circuit current is reduced, the performance of the OPV cell is compensated by improved FF between 1 to 4 vol% of DIO. Our results demonstrate that DIO concentration can be used as a means to fine tune the electron mobility, and allows for composition variations in a BHJ solar cell.
Conclusion
The transport properties of BHJ films of PTB7:PC 71 BM prepared with different DIO solvent additive concentrations have been investigated in details. We found that, besides changes in the BHJ film morphology, there is a strong impact on the electron mobility, more than 2 orders increase for DIO from 0 to 10 vol%. However, a negligible impact on the hole mobility yielding unbalance charge carrier transport in low and high DIO concentrations. At ~3 vol% of DIO balanced electron and hole mobilities can be achieved, and OPV cells with the best PCE is obtained. At DIO concentrations much smaller than 3 vol%, the BHJ film possesses low electron mobilities corresponding to longer hopping distances of 1.5 -2 nm. On the other hand, at DIO concentrations much larger than 3 vol%, the BHJ film possesses high electron mobilities corresponding to smaller hopping distances of 0.5 -1 nm. In addition, with the insights generated from the transport results, we demonstrated that the amount of acceptor used in a common recipe of PTB7:PC 71 BM is in excess. This work not only unravels the charge balance of PTB7:PC 71 BM at different DIO concentrations but also provides processing guidelines on their weight ratios.
Experimental section

Materials:
PTB7, PC 71 BM, CB, DIO, Spiro-TPD, PEDOT:PSS was purchased from 1-Material, Nano-C, Sigma-Aldrich, Tokyo Chemical Industry Co., Luminescence Technology, Heraeus respectively. These materials were used as received. CuPc was purchased from Sigma-Aldrich, and was purified by sublimation before use.
OPV Cell Fabrication and Characterization:
The device structure of the OPV cell was ITO/PEDOT:PSS/PTB7:PC 71 BM/LiF/AL. ITO patterned glass substrate was firstly cleaned by deconex for 10 min at 120°C. The substrate was then cleaned by deionized water, acetone in ultrasonic bath followed by UV-ozone treatment. PEDOT:PSS as anode buffer layer was spin coated on the UV-treated substrate, forming a 30 nm film, followed by annealing at 140°C for 10 min in air. PTB7:PC 71 BM (1:1.5 mass ratio) were dissolved in CB with a concentration of 10 mg/mL for PTB7. DIO was added to the solution, whose volume ratio ranges from 0 to 10 vol%. The solution was stirred at 70°C overnight before filtering, then spin coated on PEDOT:PSS in a glove box to form a 90 nm BHJ layer. The sample was annealed at 40°C in a glove box overnight, then transported into a thermal evaporator to coat LiF (1 nm) and Al (130 nm) on the BHJ layer under high vacuum. Solar cell was characterized by AM 1.5 G simulator with an intensity of 100 mW cm -2 .
Electron and hole mobility measurement by admittance spectroscopy (AS) and J-V
characteristics: The device structure is similar to the OPV device. For the electron-only devices, the PEDOT: PSS layer is replaced by a 50 nm aluminum film serving as a hole blocking layer. Before spin coating the active layer solution, a thin CB layer was spin coated firstly to promote the contact between Al and BHJ blend. The thickness of active layer varied from 600 nm to 900 nm. For hole-only devices, after the annealing active layer overnight, the sample was transferred to high vacuum for thermal co-evaporation of a 10 nm spiro-TPD:CuPc EBT layer. The coating rate of spiro-TPD and CuPc was 4.9 Å /s and 0.1 Å /s respectively. After device fabrication, the device was put in an Oxford cryostat with a pressure of less than 20 mTorr for measurement. The admittances of all devices were measured by an impedance analyzer (Hioki E. E. Corp., Model 3532-50 LCR HiTESTER). [21] An alternating current modulation of an amplitude of 50 mV was superimposed on a direct current bias voltage to obtain the AS signal. the interlayer of spiro-TPD:CuPc act as an electron-blocking and trapping layer. [4] In (c), a thin layer of CB is spin-coated on the bottom Al electrode for better wetting. Then µ ∞ and σ can be calculated form the y-intercept and the slope respectively from linear fit. 
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